Two materials were prepared with composition PbMg 0.3 -Nb 0.6 Zr 0.1 O 3 (PMNZ/10) and PbMg 0.32 Nb 0.65 Zr 0.03 O 3 (PMNZ/3). Slight modifications in lead oxide content of these materials were made to study its influence on the sintering properties. The stoichiometric PMNZ/3 gave the best results. It has a sintering temperature as low as 900°C and a relative dielectric constant of 10 000 at room temperature.
I. Introduction
L EAD-BASED perovskite materials are very promising for use in multilayer ceramic capacitors (MLCCs). These materials may have advantages over the conventional materials such as barium titanate. They exhibit a very broad dielectric maximum, due to the diffuse phase transition. This is related to the existence of ferroelectric domains far above the Curie temperature, described, for example, by Stenger and Burggraaf. [1] [2] [3] An additional advantage is the low sintering temperature around 950°C. This enables the use of low-cost electrodes, for instance silver-based. 4 Conventional barium titanate has a sintering temperature of at least 1100°C, which makes it necessary to use expensive Pd-based electrodes. The cost of the palladium electrode material is very important because it constitutes 30-60% of the total price of an MLCC. 5 Lead-based relaxor materials have a high dielectric maximum. For titanium-doped lead magnesium niobate, PbMg x Nb 2x Ti 1−3x O 3 (PMNT), a dielectric maximum has been reported 6, 7 of K ‫ס‬ 50 000. A serious drawback of lead-based relaxor materials is the inherent use of lead, which imposes an environmental problem during synthesis of the capacitor as well as on waste disposal or recycling. The first lead-based relaxors, such as lead magnesium niobate (PbMg 1 /3 Nb 2 /3 O 3 : PMN), were synthesized by Smolenskii and Agranovskaya. 8 The temperature characteristics of these materials, however, were rather poor. Over the years a lot of research has been performed on relaxor materials, and in the meantime Y5V † temperature characteristics set by the Electronic Industries Association (EIA) have been met (see, for example, Ref. 4). Silver doping can have a positive effect on these temperature characteristics as shown by Mahler 9 and Sato et al. 10 The objective of this research was to find a new material with a low sintering temperature which exhibits a broad Curie region combined with a high dielectric constant.
II. Experimental Procedure
The main problem encountered in synthesis of lead magnesium niobate ceramics is the occurrence of a stable pyrochlore phase, as described by Shrout and Swartz. 11 This pyrochlore phase is detrimental for the dielectric properties of the material. Swartz et al. 12 avoided the formation of this phase by first reacting magnesium oxide and niobium oxide to form pyrochlore magnesium niobate or columbite. This magnesium niobate was further reacted to form perovskite lead magnesium niobate.
In this work essentially the same columbite method was used. Commercially available magnesium niobate ‡ with a grain size less than 75 m was mixed with yellow PbO § with a grain size less than 10 m zirconium dioxide ‡ and magnesium oxide.
¶ An extra addition of 5 mol% MgO was applied to avoid a pyrochlore second phase. The mixture was homogenized for 16 h in a planetary mill using 50 mL of 2-propanol § and 10 calcium-stabilized zirconia balls with a diameter of 10 mm and 1 calcium-stabilized zirconia ball with a diameter of 20 mm per 3/8 mol material. All materials used were >99.9% purity. The resulting slurry was dried in a stove at 100°C for 2 h and calcined at five different temperatures in the range from 650°t o 900°C. X-ray diffraction analysis (Philips PW1710) was performed to choose the optimum calcination temperature, with respect to the occurrence of second phases. The calcined powder was sintered at temperatures varying between 850°and 1000°C for 10 h in a lead atmosphere to avoid evaporation. The samples were therefore placed in a platinum cup filled with lead zirconate (PbZrO 3 ).
After synthesis the density of the materials was measured by immersing the sample in mercury. Composition analysis was performed using X-ray fluorescence (XRF, Philips PW 1480) and atomic absorption spectroscopy (AAS, Varian SpectrAA 10). The amount of free lead was determined using a method developed by Kruidhof and de Vries. 13 This method implies extraction of the lead with a 0.1M 8-hydroxyquinoline solution and subsequent AAS.
III. Results
Two compositions were prepared, PbMg 0. 3 modifications of these compositions, with 5% more and 5% less lead oxide by weight, were prepared too. On the basis of XRD spectra of PMNZ/3, powders calcined at different temperatures, a calcination temperature of 700°C was chosen. Room-temperature XRD spectra as a function of calcination temperature are given in Fig. 1 . As can be clearly seen from Fig. 1 , above 750°C calcination temperature a pyrochlore second phase shows up. More information about the XRD spectrum of this composition can be found in Ref. 14. The influence of lead modifications on the PMNZ/3 compositions can be seen in Fig. 2 . As can be seen from these XRD spectra, in the composition with 5% less lead oxide, there is a slight amount of second phase which is closely related to the pyrochlore phase described by Shrout and Swartz.
11 The composition with 5% more lead oxide as well as the stoichiometric composition contain a slight amount of free lead oxide second phase (2.7 and 4.0 vol%, respectively, as determined by the method described in Ref. 13) .
A SEM picture (JEOL JSM-5800) of the calcined PMNZ/3 powder is given in Fig. 3 . To determine the optimal sintering temperature, dilatometer (Netzsch 402E) curves of the compositions were measured. The dilatometer curves for the PMNZ/3 and PMNZ/10 compositions including the lead modifications are given in Figs. 4 and 5, respectively. As can be seen from these dilatometer curves, the stoichiometric composition always has the highest final density. The PMNZ/10 compositions could not be sintered to greater than 84% relative density, whereas the PMNZ/3 stoichiometric composition did reach a final relative density of 95% at 900°C.
A SEM picture of a sintered PMNZ/3 compact is given in Fig. 6 . In this picture the arrows indicate the free lead oxide second phase as determined with the backscattered electron option on a JEOL JSM-35CF. This backscattered electron image is given in Fig. 7 .
The dielectric constant (⑀) as well as the loss tangent (tan ␦) of the stoichiometric PMNZ/3 material were measured in a temperature-controlled capacitance bridge (HP 4284A LCR meter) at 1 kHz and 1.00 V. Prior to the measurements the samples were machined to a diameter of 5 mm and a thickness of 0.5 mm. On both sides of the samples Cr/Ni-Au electrodes with a diameter of 4.8-4.9 mm were evaporated. The results of these measurements as a function of the sintering temperature of the material are given in Table I . It is not clear why the material with a sintering temperature of 1000°C has a lower Fig. 1 . XRD spectra of calcined PMNZ/3 powder calcined at different temperatures: (×) the desired perovskite phase, and (o) the pyrochlore phase. Fig. 2 . XRD spectra of sintered PMNZ/3 samples (stoichiometric (Sto) and with 5% more (+5%) and 5% less (−5%) lead oxide): (×) lead oxide, and (o) the pyrochlore phase.
Curie temperature than the other materials. A representative ⑀(T)/tan ␦ curve is given in Fig. 8 . In this curve the EIA specifications Y5U † † and X7R ‡ ‡ are indicated by lines. As can be seen from Fig. 8 , the material meets Y5U specifications, but X7R specifications are not met.
dc-resistance measurements on PMNZ/3 samples with different sintering temperatures indicate that the specific resistances are of the order of 1 × 10 10 ⍀⅐m at 25°C and that the sintering temperature of the material has no significant effect on the resistance of that material. Accelerated life testing experiments by measurements of the dc resistance as a function of † † 56% < ⌬C < 22% in the temperature range from −30°to +85°C. ‡ ‡ 15% < ⌬C < 15% in the temperature range from −55°to +125°C. For the use of the material in capacitor applications also the fracture toughness of the material is of great importance too. Fracture toughness measurements were performed using the single edge notched beam (SENB) method. In this method a single notch with a known depth is made in the sample, after which the sample is cracked. The pressure needed for cracking the sample is recorded. From this pressure the fracture toughness can be calculated according to the following equation: indicates that there will no problems in using these materials in the mounting equipment currently used in the electronics industry.
IV. Discussion and Conclusions
It is possible to synthesize PMNZ/3 without any pyrochlore second phase at sintering temperatures as low as 900°C using the columbite synthesis route. After sintering, a slight lead oxide second phase was observed in the stoichiometric composition. PMNZ/10, however, could not be sintered dense. After an extra lead oxide addition of 5% by weight, the material had a density that was even lower than the stoichiometric composition.
The stoichiometric PMNZ/3 material seems to be an interesting material for use in MLCC applications with its high dielectric constant at room temperature (up to 10 000) and its low sintering temperature of 900°C. This enables the use of cheap silver-based electrodes. The material has a sufficiently low dielectric loss (tan ␦) and the relatively high fracture strength will not restrict future use in MLCC applications. The accelerated life testing too did not reveal any restrictions either.
The slight lead oxide second phase may be the cause of a somewhat lower dielectric constant than comparable materials in the literature, 16 but the dielectric maximum is still rather high. Moreover, the curve of the dielectric constant against the temperature has a broad Curie region meeting even Y5U specifications of the EIA. The broadening of the Curie region might be enlarged by silver doping, as described by Mahler. 9 Then even the X7R specifications might be met. Doping the material with extra lead oxide has proved not to be very useful for this material. The stoichiometric composition has the highest sintering density and excellent dielectric properties.
